Precisely knowing the stoichiometry of their components is critical for investigating structure, assembly, and function of macromolecular machines. This has remained a technical challenge in particular for large, hydrophobic membrane-spanning protein complexes. Here, we determined the stoichiometry of a type III secretion system of Salmonella enterica serovar Typhimurium using two complementary protocols of gentle complex purification combined with peptide concatenated standard and synthetic stable isotope-labeled peptide-based mass spectrometry. Bacterial type III secretion systems are cell envelopespanning effector protein-delivery machines essential for colonization and survival of many Gram-negative pathogens and symbionts. The membrane-embedded core unit of these secretion systems, termed the needle complex, is composed of a base that anchors the machinery to the inner and outer membranes, a hollow filament formed by inner rod and needle subunits that serves as conduit for substrate proteins, and a membrane-embedded export apparatus facilitating substrate translocation. Structural analyses have revealed the stoichiometry of the components of the base, but the stoichiometry of the essential hydrophobic export apparatus components and of the inner rod protein remain unknown. Here, we provide evidence that the export apparatus of type III secretion systems contains five SpaP, one SpaQ, one SpaR, and one SpaS. We confirmed that the previously suggested stoichiometry of nine InvA is valid for assembled needle complexes and describe a loose association of InvA with other needle complex components that may reflect its function. Furthermore, we present evidence that not more than six PrgJ form the inner rod of the needle complex. Providing this structural information will facilitate efforts to obtain an atomic view of type III secretion systems and foster our understanding of the function of these and related flagellar machines. Given that other virulence-associated bacterial secretion systems are similar in their overall buildup and complexity, the presented approach may also enable their stoichiometry elucidation. Molecular & Cellular
of different components have begun to generate an atomic model of the type III secretion needle complex (10) . However, many protein densities within the structure are still unaccounted for, leaving substantial knowledge gaps that have yet to be filled. A challenge for this effort has been the absence of the precise stoichiometry of all the components of the needle complex. The determination of an accurate stoichiometry for such a large and hydrophobic protein assembly is technically demanding but severely needed to facilitate approaches generating an atomic view of the machine. The stoichiometry that is known to date resulted from the analyses of the less hydrophobic components that have been amenable to highresolution x-ray crystallography and NMR and low-resolution cryo electron microscopy. The low-resolution structural analysis of isolated needle complexes revealed a stoichiometry of 12-15 copies for the outer membrane secretin ring of T3SSs of different bacteria and of 12-24 copies for the two inner membrane ring proteins (11) (12) (13) (14) . The periodicity of the helical needle is 5.7 subunits per turn as assessed by solid-state NMR (15) , but the stoichiometry of the inner rod has not been reported. So far, only the sizeable cytoplasmic domains of several homologs of the hydrophobic export apparatus components SpaS and InvA were amenable to high-resolution structural studies (16 -24) . While no stoichiometry could be deduced from structures of SpaS C , the C-terminal domain of the InvA homolog of Shigella (MxiA) crystallized as a nonameric ring (24) . Besides SpaS, the stoichiometry of the minor export apparatus components SpaP, SpaQ, and SpaR is also unknown.
To evaluate the stoichiometry of the complete needle complex of the T3SS encoded within pathogenicity island 1 (SPI-1) of Salmonella enterica serovar Typhimurium (S. Typhimurium), including its hydrophobic export apparatus components (Fig. 1 , see also for nomenclature), we have employed two complementing mass spectrometry (MS)-based strategies, using peptide concatenated standards (PCS) (25) and synthetic stable isotope-labeled peptides (26) . Both strategies employ ratiometric comparison of isotope-labeled standard peptides of known quantity or stoichiometry with the quantities of the same peptides in assembled complexes (Fig. 2) .
These approaches have been used successfully to study the stoichiometry of protein assemblies of low complexity, hydrophobicity, and/or stoichiometric range (e.g. (25, (27) (28) (29) , but the analysis of large, heterogeneous, and hydrophobic membrane protein complexes remains a challenge. Using two optimized complementary needle complex purification protocols and MS analysis, we have been able to reliably deduce the stoichiometry of the T3SS encoded by SPI-1 of S. Typhimurium. We reproduced the structure-based stoichiometry of 24:24:15 for PrgH, PrgK, and InvG, which validated our approach, and confirmed the proposed nonameric stoichiometry of InvA for the first time in situ. More importantly, we report evidence that the export apparatus of this T3SS contains five SpaP, one SpaQ, one SpaR, and one SpaS. Combined with the predicted transmembrane topologies of these proteins, this stoichiometry suggests that the inner membrane patch of the needle complex base houses 104 transmembrane domains in total, a dense assembly whose function in the secretion process can now be studied in greater detail. Furthermore, we present evidence that only one helical turn composed of six inner rod proteins PrgJ anchors the needle to the base, which may have implications for its suggested function in needle length control and substrate specificity switching (30) .
The stoichiometry information provided in this study will facilitate further structural and functional studies of type III secretion and of the related flagellar systems and as such help to develop inhibitors of these machines central to the virulence of many pathogens. By combining gentle membrane protein complex purification and quantitative mass spectrometry, we show that MS-based stoichiometry determination can be extended to investigating highly hydrophobic complexes of a wide stoichiometric range such as multiple other bacterial protein secretion machines.
EXPERIMENTAL PROCEDURES
Materials-Chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Detergent n-dodecyl-␤-D-maltoside (DDM) was from Affimetrix-Anatrace (Maumee, OH). SERVA Blue G and SERVAGel™ TG PRiME™ 8 -16% precast gels were from Serva (Heidelberg, Germany). NativePAGE Novex Bis-Tris 3-12% gels were from Life Technologies (Carlsbad, CA). Primers were synthetized by Table S1 . All S. Typhimurium strains were derived from strain SL1344 (31) . S. Typhimurium strains were grown at 37°C in LB broth supplemented with 0.3 M NaCl with low aeration to enhance expression of genes of SPI-1. pMAL-c5x-PCS 1 and pMAL-c5x-PCS 2 were cloned by Gibson cloning according to published protocols (32) with primers listed in Table S2 . For PCS purification, Escherichia coli strain AT713 (e.g. argA21, lysA22) was grown in defined M9 medium (Table S3 ) at 27°C to 37°C and 200 rpm, supplemented with 0.3 mM IPTG to induce expression of the maltose binding protein (MBP) fusion from plasmid pMAL-c5x. Cultures were supplemented as required with streptomycin (50 g/ml), tetracycline (12.5 g/ml), or ampicillin (100 g/ml).
Secretion Assay-Analysis of type III-dependent secretion of proteins into the culture medium was carried out as described previously (33) .
Immunoblotting-For protein detection, samples were subjected to SDS-PAGE using SERVAGel™ TG PRiME™ 8 -16% precast gels (Serva), transferred onto a PVDF membrane (Bio-Rad, Hercules, CA), and probed with primary antibodies anti-SipB, anti-InvJ, anti-PrgH, antiSpaS N , or M2 anti-FLAG. Secondary antibodies were goat antimouse IgG DyLight 800 conjugate and goat anti-rabbit IgG DyLight 680 conjugate (Thermo Scientific Pierce, Rockford, IL). Detection was performed using the Odyssey imaging system (Li-Cor, Lincoln, NE).
Needle Complex Purification by Immunoprecipitation-Membrane fractionation, solubilization, and immunoprecipitation (IP) were carried out as previously described (4, 34) .
Needle Complex Purification by CsCl Gradient CentrifugationPurification of needle complexes of wild-type and SpaS N258A FLAG bacteria was carried out as published previously (3, 33) , but n-dodecyl-N,N-dimethylamine-N-oxide was replaced by DDM (0.7% for lysis/extraction, 0.1% for maintenance) for lysis of cells and extraction of needle complexes throughout the protocol. Furthermore, an initial concentration of 35% (w/v) of CsCl was used to prepare the gradient.
Electron Microscopy-Purified needle complexes were negatively stained with 1% aqueous uranyl acetate on carbon-coated copper grids. Micrographs were recorded using a JEM-1400Plus (JEOL, Tokyo, Japan) microscope at 120 kV.
Blue Native-PAGE-Blue native-PAGE of purified needle complexes was carried out as previously described (4) .
Protein In-Gel Digestion-For identification and selection of suitable peptides for the design of peptide-concatenated standards (PCS), the stained protein bands corresponding to the needle complex were excised from blue native-PAGE gels and in-gel digested with trypsin (35) . We performed a pilot experiment to evaluate whether two consecutive in-gel digests of the same gel piece would improve the yield of tryptic peptides qualitatively (additional unique peptides) and quantitatively (more evidence of high intensity of the same peptide) (data not shown). This procedure resulted in a quantitative improvement of up to 20% for all peptides identified and sequenced by tandem mass spectrometry; the yield of four critical peptides of needle complex components was even improved by 40% or more (SpaR GATHVLE, InvA AGIIDADAAR, PrgK LYSAIEQR, and SpaQ MDDLVFAGNK). Of the peptides identified in the second digest, up to 38% were not identified in the first digest. Because of these improvements, we decided to routinely use two consecutive digests and extractions. After each step, extracted peptides were desalted using C 18 StageTips (36) . Corresponding eluates were combined and subjected to LC-MS/MS analysis. For PCS analysis, blue native-gel bands containing the purified complex were mixed with the gel bands containing the "heavy" labeled purified PCS construct prior to in gel digestion.
For quantification using stable isotope-labeled peptides, combined eluates were divided into three equal parts. The synthetic stable isotope-labeled peptides QVIFLALAK (SpaQ) and VGVPVIVDIK (SpaS), labeled with Lys8 on the C terminus (Thermo Fisher Scientific), were added to the digested proteins in three different amounts: 0.375, 0.75, and 1.5 pmol. The peptide mixtures were subjected to LC-MS/MS analysis.
Mass Spectrometry-LC-MS/MS analyses were performed either on an EasyLC II nano-HPLC (Proxeon Biosystems) coupled to an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific), or on an EasyLC 1000 nano-UHPLC (Proxeon Biosystems, Odense, Denmark) coupled to a Q Exactive HF mass spectrometer (Thermo Scientific), both as described previously (37, 38) . Peptide mixtures were injected onto the column in HPLC solvent A (LTQ Orbitrap Elite: 0.5% acetic acid; Q Exactive HF: 0.1% formic acid) at a flow rate of 500 nl/min and subsequently eluted with either a 116 min (PCS analyses) of 5-33-50 -90% of HPLC solvent B (80% acetonitrile in 0.5% acetic acid) or a 57 min gradient (quantification using stable isotope-labeled) of 10 -33-50 -90% of HPLC solvent B (80% acetonitrile in 0.1% formic acid). During peptide elution, the flow rate was kept constant at 200 nl/min. For Orbitrap Elite analysis, the 20 most intense precursor ions were sequentially fragmented in each scan cycle using collisioninduced dissociation, and sequenced precursor masses were excluded from further selection for 60 s. In some cases, an inclusion list containing ions of light-and heavy-labeled PCS peptides was applied. For Q Exactive HF, the seven most intense precursor ions were sequentially fragmented in each scan cycle using HCD fragmentation. For quantification using stable isotope-labeled, full scan MS spectra were acquired in a mass range from m/z 480 -705. An inclusion list containing ions of light-and heavy-labeled peptides QVIFLALAK and VGVPVIVDIK was applied, and no additional masses were allowed for fragmentation. Full scan resolution was set to 120,000. The target values for the MS scan and MS/MS fragmentation were 3 ϫ 10 6 and 10 5 charges (Q Exactive HF) or 10 6 and 5 ϫ 10 3 charges (Orbitrap Elite). The maximal injection time for MS/MS fragmentation was 110 ms and 25 ms, respectively.
Mass Spectrometry Data Processing-The MS data were processed with a setting of 1% for the false discovery rate using MaxQuant software (versions 1.2.2.9 and 1.5.2.8) as described previously (37, 39, 40) with slight modifications. A database search was performed using the Andromeda search engine (40) , which is part of MaxQuant. MS/MS spectra were searched against a target database consisting of 10,152 protein entries from S. Typhimurium (uniprot 99287, March 1, 2009 and uniprot 216597, July 11, 2012), a database containing the PCS sequences and 248 commonly observed contaminants. In the database search, full tryptic specificity was required and up to two missed cleavages were allowed. Carbamidomethylation of cysteine was set as fixed modification, protein N-terminal acetylation and oxidation of methionine were set as variable modifications. Initial precursor mass tolerance was set to 6 ppm (versus 1.2.2.9) and 4.5 ppm (versus 1.5.2.8), respectively, and at the fragment ion level 0.5 Da was set for collision-induced dissociation fragmentation and 20 ppm for Higher-energy collisional dissociation (HCD) fragmentation. Quantitative MS data acquired using isotope-labeled peptides were processed either with or without restrictions at the false discovery rate. In the latter case, data were filtered manually by setting the posterior error probability (41) threshold to 0.01.
Design of Peptide-Concatenated Standards (PCS)-PCS
candidates were chosen from a pool of peptides with a mascot score of Ͼ15, preferably without oxidized or miss cleaved forms (data not shown). Two PCSs were assembled containing a total of two to five tryptic peptides of each protein of interest. To retain native digestion behavior, one to four flanking amino acids were added before and behind each peptide. When the peptide was at the very N-terminal or C-terminal end of the protein of interest or when it was surrounded by arginine or lysine, alanins were added instead of the native sequence. In PCS 2, the native succession of peptides was retained when successive peptides or peptides in close proximity (separated by 10 amino acids or less) were found suitable for the PCS strategy. The synthetic PCS were fused to the C terminus of MBP using pMAL-c5x to enhance expression and solubility, and to facilitate purification.
PCS Purification-PCSs were expressed fused to MBP from a pMAL-c5x plasmid in AT713, grown in M9 medium containing Arg10 ( 13 C 6 , 15 N 4 -arginine) and Lys8 ( 13 C 6 , 15 N 2 -lysine). MBP-PCSs were purified using an amylose resin (New England Biolabs, Ipswich, MA). The eluted MBP-PCS was then run on a 10%/4% SDS-PAGE, which was subsequently stained with colloidal Coomassie. The 90 kDa band corresponding to PCS-MBP was cut from the 4% section of the gel and stored in 5% acetic acid until further use.
Selection of Stable Isotope-Labeled Peptides-Stable isotope-labeled peptides were chosen from the pool of selected PCS peptides. The criteria for selection were: a) no missed cleavage sites, b) no oxidized methionines, c) 6 to 15 amino acids in length, and d) a high intensity for reliable quantification. We selected peptides QVIFLALAK for SpaQ and VGVPVIVDIK for SpaS.
Ratiometric Quantification of Stoichiometry-For relative quantification of the components of the needle complex, we used the light/ heavy ratios of the intensities of individual peptide sequencing events, comprising fragmentation, quantification, and identification, which are termed evidence hereafter. For needle complexes purified by IP or CsCl-gradient centrifugation and measured together with the PCSs, the following filter criteria and calculations were applied: a) Evidence measured in the last 10 min of each run were excluded. b) Evidence with a posterior error probability equal or higher than 0.01 were excluded. c) To compare the light/heavy intensity ratios of the evidence between the replicates, the values were transformed into a stoichiometry by normalizing with peptides from proteins of known stoichiometry: the InvG peptide SLLVGGYTR was used for normalization for data obtained with immunoprecipitated needle complexes, the PrgK peptide SDAQLQAPGTPVKR was used for normalization of data obtained with needle complexes purified by CsCl-gradient centrifugation. d) From these combined datasets for IP-PCS experiments and CsCl-PCS experiments, respectively, outliers were identified as two median absolute deviations from the median. For the analysis of the ratio of SpaQ and SpaS in purified needle complexes using stable isotope-labeled peptides, only the evidence with the highest intensity was used to calculate protein ratios, which typically accounted for 90 -100% of the peptides total intensity. The resulting raw data identifiers used for calculating the mean stoichiometry of each protein can be found in Table S4 .
Experimental Design and Statistical Rationale-Several measures were taken to minimize systematic errors. a) As IP baits, the two last-assembling export apparatus components were selected to ensure complete assembly of purified complexes. b) Two complementary strategies, IP and CsCl gradient centrifugation, were used for purification of T3SS needle complexes to account for potential purification biases. c) In-gel denaturing of proteins of native needle complexes by SDS and separation of MBP-PCS on a 4% SDS-PAGE were undertaken to match the state of the proteins for in-gel trypsinization and avoid biases because of the folding states of the proteins to be compared. d) To account for trypsinization biases between PCS and full-length analytes, four flanking residues were included at each side of a cleavage site for construction of the PCS. e) Analysis of selected proteins (SpaQ and SpaS) was performed using stable isotope-labeled peptides to validate results obtained using PCS.
For quality control of analytical and biological reliability, two independent measures were taken: a) Three proteins of known stoichiometry were included in the analysis: PrgH, PrgK, and InvG. Since stoichiometry data obtained for these proteins were within 10% of the literature data, results obtained for proteins of hitherto unknown stoichiometry can be trusted. b) For PCS analysis, stoichiometries were determined from measurements of up to seven different peptides (Fig. 5) . The very hydrophobic membrane proteins SpaQ and SpaR allowed for the inclusion of only 2 peptides, however.
The experimental results presented were obtained with the following sample sizes: Sample sizes for or the central IP-PCS experiment were n ϭ 5 for the IP-bait SpaS N258A FLAG and n ϭ 5 for the IP-bait InvA FLAG , where n denotes biological replicates. Because of the accuracy of the protocol and instrumentation used, no technical replicates were performed. Sample sizes for the validating CsCl-gradient-PCS experiment were n ϭ 1 for the IP-bait SpaS N258A FLAG and n ϭ 1 for the IP-bait InvA FLAG . Sample sizes for the validating IP and CsClgradient experiments using stable isotope-labeled peptides were n ϭ 3 for the immunoprecipitated analyte and n ϭ 3 for the CsCl-gradient purified analyte, where n denotes technical replicates using three different concentrations of stable isotope-labeled peptides.
For the PCS strategy, statistical evaluation of the data was performed using Microsoft Excel (version 14.06112.5000) and RStudio (version 0.98.953). Evidence measured in the last 10 min of each run and evidence with posterior error probability Ն 0.01 were removed from the dataset. Outliers were identified as two median absolute deviations from the median. The ratio of light to heavy intensities of each evidence pair was normalized to compare biological replicates. The mean of normalized evidence pairs of all peptides of a protein was used to calculate the stoichiometry for each experimental set.
The PCS approach was validated for the selected proteins SpaQ and SpaS by MS-based quantification using stable isotope-labeled peptides. For this quantification, light-to heavy-ratios of the evidence pairs were calculated from the most intense evidence of each peptide, representing 90 -100% of the peptide's total intensity. Statistical analysis was performed using Microsoft Excel.
The MS data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the data set identifier PXD003113.
RESULTS

Needle Complex Isolation and Identification of Suitable
Standard Peptides-MS-based stoichiometry determination of complexes using PCS or synthetic stable isotope-labeled peptides requires the prior isolation of intact complexes and the identification of suitable standard peptides (Fig. 2) . First, we employed a previously established immunoprecipitation (IP)-based protocol (4, 34) to isolate intact T3SS needle complexes from S. Typhimurium. As IP bait, we chose the two last-assembling export apparatus components, SpaS and InvA (brown and green in Fig. 1, respectively) . These two proteins require the presence of the other three export apparatus components SpaP, SpaQ, and SpaR for assembly, thus ensuring completeness of the isolated complexes (4, 42) . Inner and outer membranes of S. Typhimurium harboring C-terminally FLAG-tagged alleles of either autocleavage-deficient SpaS (Asn258Ala) or InvA, which are fully functional for type III-dependent secretion (Fig. 3A) , were fractionated by sucrose density equilibrium centrifugation. Western blotting analysis of the 13 isolated fractions showed that needle com-plexes peak in fractions three to six as judged by the signal intensities of the inner membrane ring component PrgH (Fig. 3B) . These fractions were pooled, membranes solubilized using the mild nonionic detergent dodecyl-maltoside (DDM), and needle complexes were subsequently immunoprecipitated. Natively eluted needle complexes were evaluated by electron microscopy, SDS-PAGE, and Western blotting. The purified material contained mainly bases lacking Typhimurium expressing needle complexes with FLAG-tagged bait protein (SpaS N258A or InvA) were grown in complex media. Inner membranes (IM) were purified, solubilized by DDM, and needle complexes were immunoprecipitated. Needle complexes were separated by blue native-PAGE, the corresponding bands were excised, and proteins were subsequently digested with trypsin. (B) Peptides were analyzed by MS and suitable peptides were selected for concatenation into the PCS. (C) The PCS was expressed as MBP-fusion in Arg and Lys auxotroph E. coli grown in defined medium containing heavy arginine and lysine. After purification via MBP, the PCS was run on a 10%/4% SDS-PAGE, mixed with purified needle complex and digested together with trypsin in gel. (D) Digested peptides from needle complex (A) and PCS (C) were mixed and analyzed by MS. The ratio of the evidence of light and heavy peptides was calculated for each protein. Ratios were transformed to absolute stoichiometries by normalization with the evidence-ratios of peptides of proteins of known stoichiometry. Abbreviations: IM: inner membrane. needles (Fig 3C) , possibly caused by the harsh mechanical disruption of bacterial cells by French pressing. For further purification and enabling of in-gel digestion, immunoprecipitated needle complexes were separated by blue native-PAGE. Needle complexes, identified by immunodetection of PrgH and SpaS or InvA, run at an apparent native mass of Ͼ1200 kDa (Fig. 3D) as reported previously (4, 34) . Bands corresponding to InvA were also observed at apparent native masses of 150 and 250 kDa, respectively, suggesting that InvA is either expressed in excess or extracted easily from the needle complex (Fig. 3D) . To identify suitable peptides for stoichiometry determination, the Ͼ1200 kDa bands corresponding to needle complexes were cut out (Fig. 3E) ; contained proteins were denatured by SDS, in-gel digested with trypsin and subsequently analyzed by MS. (Table S5) were selected for concatenation into two different PCSs (Fig. 4A) . Oxidation and acetylation-prone peptides were included in the PCSs if too few other suitable peptides were identified for the respective proteins and if the degree of the modification was stable across different experiments and comparable between sample and standard. Where appropriate, 1-4 flanking residues of the chosen peptides were included to accommodate possible effects of flanking residues on trypsinization efficiencies (Fig. 4A) . To enhance the solubility of the synthetic protein, the PCSs were constructed as translational fusions with MBP. MBP-PCSs were expressed in the lysine and arginine auxotrophic E. coli strain AT713 in defined media supplemented with heavy arginine and lysine. Heavy-isotopelabeled PCSs facilitated MS-based discrimination of signature peptides of PCSs and needle complexes. MBP-PCSs were purified and subsequently run on a specially designed SDS-PAGE (Fig. 4B) composed of a 10% section for separation followed by a 4% section for extraction. This gel composition was used to achieve a similar acrylamide concentration for in-gel digestion of the SDS-PAGE-separated MBP-PCS and of the blue native-PAGE-separated needle complex. MBP-PCS bands were cut out, in-gel digested, and analyzed by MS. The amount of unlabeled PCS peptides was found to be negligible at below 2% of the total intensity of the respective peptides (Table S6) .
Construction, Expression, and Purification of the Peptide Concatenated Standard-Suitable peptides
Stoichiometry Determination of Immunoprecipitated Needle Complexes by PCS Strategy-To determine the stoichiometry of needle complex components, blue native-gel bands containing needle complexes with light arginine and lysine and SDS-gel bands containing MBP-PCSs with heavy Arg10 and Lys8 were codigested and analyzed by MS. The light/heavy intensity ratios of evidence pairs from a total of 10 runs were used for calculation of stoichiometry. Because the amount of complex and PCS varied after each purification, light/heavy ratios were normalized using the robustly detected SLLVG-GYTR peptide of InvG, for which a stoichiometry of 15 has been reported (12) . Outliers were identified as two median absolute deviation from the median and disregarded for further analysis. We obtained a stoichiometry of the control proteins InvG:PrgH:PrgK of 15:26:27 and 14:28:24 for the SpaS N258A FLAG and InvA FLAG IPs, respectively (Fig. 5) . These results are in good agreement with the reported ratio of 15: 24:24 (12) . The stoichiometry of the minor export apparatus components SpaP:SpaQ:SpaR:SpaS was 5:1:1:1 in both preparations. The major export apparatus protein InvA was largely absent in preparations immunoprecipitated with SpaS N258A FLAG as bait but showed a stoichiometry of seven proteins per needle complex when baiting with InvA FLAG . Finally, 2-3 proteins of the inner rod protein PrgJ were detected per needle complex.
Stoichiometry Determination of CsCl Gradient Centrifugation-Purified Needle Complexes by PCS Strategy-The SpaS/
InvA IP-based purification of needle complexes was chosen to obtain completely assembled needle complexes in respect to export apparatus components. Unfortunately, this protocol also yielded complexes with broken needles, probably due to bacterial lysis by French pressing. Shearing of needles might also result in a loss of inner rod protein and thus be responsible for the low number of detected PrgJ in the samples. To accommodate for this problem, we chose to also analyze the stoichiometry of needle complexes extracted from bacteria without mechanical disruption but enzymatic (lysozyme) digestion and detergent solubilization, followed by CsCl density equilibrium centrifugation-based needle complex purification. This classical protocol (3) typically results in a severe loss of some export apparatus components due to the use of the stringent detergent n-dodecyl-N,N-dimethylamine-N-oxide (4). To retain the export apparatus components and at the same time keep needles intact, we replaced n-dodecyl-N,Ndimethylamine-N-oxide by the milder detergent DDM. Using this modified protocol, CsCl gradient fractions 4 and 5 showed an enrichment of intact needle complexes and bases as judged by electron microscopy, SDS-PAGE, and Western blotting (Figs. 6A-6C ). Purified needle complexes were separated by blue native-PAGE (Fig. 6D) and their stoichiometry analyzed by MS as described above, except that the PrgK peptide SDAQLQAPGTPVKR was used for normalization.
Corroborating the stoichiometry calculations based on immunoprecipitated needle complexes, we obtained average stoichiometries of the control proteins InvG:PrgH:PrgK of 14: 22:27 and stoichiometries of the minor export apparatus proteins SpaP:SpaQ:SpaR:SpaS of 5:1:1:1 (Figs. 6E and 6F) . The major export apparatus protein InvA was entirely absent from these preparations, and hence, its stoichiometry could not be calculated. The stoichiometry of PrgJ was three per complex as obtained by analysis of immunoprecipitated needle complexes.
Stoichiometry Determination of SpaQ and SpaS Using Stable Isotope-Labeled Peptides-To validate the obtained results for the export apparatus components SpaQ and SpaS, we chose to quantify the ratio of the two proteins using synthetic stable isotope-labeled peptides. Tryptic digests of needle complexes purified by both methods, IP and CsCl gradients, were spiked with three different concentrations of the standard peptides QVIFLALAK (for SpaQ) and VGVPVIVDIK (for SpaS) at equimolar ratios, and the mixtures were subsequently analyzed by MS. Heavy-to-light ratios were calculated from the most intense evidence pair of each peptide, representing 90 -100% of the peptide's total intensity. Based on these results, we obtained average ratios of SpaQ to SpaS of 0.99 and 0.76, respectively, for analysis of needle complexes isolated by the two different methods ( Fig. 7) . These results corroborate the calculated stoichiometry of 1:1 deduced from PCS-based experiments.
DISCUSSION
Needle complexes of T3SSs are complex macromolecular machines consisting of up to 20 different proteins with one to several hundred copies each. While the stoichiometry of some components had been structurally elucidated, the stoichiometry of the membrane-embedded export apparatus components was largely unknown, primarily because of technical challenges.
We adapted two MS-based relative quantification strategies to evaluate the stoichiometry of complete T3SS needle complexes. The preparation of intact and homogeneous complexes is key to the successful implementation of these approaches (43) but particularly difficult for large membrane protein complexes. We solved this critical problem using a combination of mild detergent extraction, immunoprecipitation or CsCl-gradient-based purification, and blue native-PAGE. The subsequent analysis of these hydrophobic complexes by quantitative mass spectrometry was challenged by two major obstacles: a) the detection of only a limited number of peptides that were suitable for quantification of the highly hydrophobic membrane proteins and b) the bias in the acces- sibility of peptides from intact complexes and standards. Membrane proteins contain only a few charged residues, hence also only a few cleavage sites for trypsin, cutting after arginine or lysine. In addition, the presence of tightly bound lipids or detergents may preclude the efficient cleavage of membrane proteins by site-specific proteases, further reducing the yield of suitable peptides for mass spectrometrical analysis. We were able to increase the yield of four critical peptides of the needle complex by implementing two consecutive tryptic digests and extractions of each gel piece. However, despite this effort, for some proteins, only few peptides were found, and therefore, modification-prone peptides were considered for quantification. We identified four suitable peptides containing oxidation-prone methionines and two peptides prone to N-terminal acetylation. Since the degree of oxidation and acetylation was stable throughout different experiments, we could include these peptides for quantification of the stoichiometry.
Even though suitable tryptic peptides were identified for the proteins of interest, several factors needed consideration that could potentially influence the yield of these peptides and could bias quantification: Trypsinization efficiency depends on the sequence context of the respective peptides (25) , bound lipids or detergents (44) , and the folding state of proteins (45) ; and the acrylamide concentration of gels may affect the peptide extraction efficiency. The use of PCSs allows minimization of differences in peptide yield because the peptide context and the preparation of PCS and sample are largely congruent. To align the digestion efficiencies of PCS and sample, we retained the sequence context around the tryptic digestion sites of the peptides and denatured blue native-PAGE-separated complex components by SDS treatment prior to in-gel digestion. Furthermore, we aligned the polyacrylamide concentrations of the PCS-containing gel and of the complex-containing blue native-gel to achieve similar efficiencies of peptide extraction. In contrast, synthetic stable isotope-labeled peptides are not subjected to the same preparative procedures as the complex components of interest. While concentrations of the synthetic peptides are exactly known and invariable, a benefit for absolute quantification, variations in the efficiencies of sample protein digestion and peptide extraction, which are not matched by the synthetic peptides, are likely to skew stoichiometry determination. Therefore, we implemented only two suitable synthetic stable isotope-labeled peptides for the validation of the stoichiometry of the export apparatus components SpaQ and SpaS but refrained from using this approach for the global analysis of the stoichiometry of the complete needle complex.
Using the above-discussed strategy, we confirmed the reported stoichiometry of the base components PrgH, PrgK, and InvG and of the major export apparatus protein InvA. We further report a stoichiometry of 5:1:1:1 for the minor export apparatus components SpaP, SpaQ, and SpaR and for the switch protein SpaS. Our data also suggest a loose association of InvA with the other needle complex components, and we present evidence for a low stoichiometry of the inner rod protein PrgJ in the needle complex.
Cryo electron microscopy structural analysis of needle complexes from the SPI-1 T3SS of S. Typhimurium revealed a stoichiometry of PrgH and PrgK of 24 and of InvG of 15 (12) . In this study, we yielded MS-based stoichiometries of PrgH, PrgK, and InvG that deviate in average only by 8.4% from the literature values, which imparts confidence for the obtained stoichiometries of the other needle complex components.
Based on a crystal structure, it has been proposed that the isolated Shigella InvA homologue MxiA forms a nonamer, but confirmation based on direct measurements of InvA as part of the assembled needle complex was missing. Here, we determined a stoichiometry of seven InvA per assembled needle complex, which is close to the proposed MxiA stoichiometry and to the reported stoichiometry of the flagellar homolog FlhA (24, 46) . Interestingly, it was only possible to detect InvA in needle complexes coimmunoprecipitated when baiting with InvA FLAG itself. InvA was almost entirely lost after IP of needle complexes by SpaS N258A FLAG or needle complex isolation using mild extraction and CsCl gradient centrifugation, and needle complexes coimmunoprecipitated at a lower efficiency with InvA FLAG as bait than with SpaS N258A FLAG . The easy extraction of InvA from needle complexes, even by mild detergents, indicates that InvA is only loosely associated with the base and the other export apparatus components, and it might also mean that the herein reported stoichiometry of seven per needle complex is still an underestimation.
Early studies of the flagellar system proposed a stoichiometry of 4 -5 of the SpaP homolog FliP and 1-3 of the SpaR homolog FliR based on quantitative Western-blotting and densitometry of autoradiograms (47) . The data presented in this study suggest a similar stoichiometry of five SpaP and one SpaR for Salmonella's virulence-associated T3SS on SPI-1. We furthermore deduced a stoichiometry of one SpaQ and one SpaS, for which no previous reports exist. Clostridium encodes a natural fusion of the flagellar homologs of SpaR and SpaS, FliR and FlhB, respectively. An artificial fusion of these proteins is also functional in the flagellar system of Salmonella (48) . These observations suggest an equimolar stoichiometry of FliR and FlhB, which, together with our data, support a stoichiometry of one SpaQ, one SpaR, and one SpaS. We could show previously that SpaP and SpaR form the cup substructure at the center of the base of the needle complex (4) . Given a stoichiometry of five SpaP, it is conceivable that a circular assembly of SpaP, possibly in conjunction with SpaR, constitutes the substrate translocation pore of the system in the inner membrane.
PrgJ is the inner rod protein anchoring the needle to the base (49) . As the term "inner rod" implies, it was originally thought to constitute the substrate conduit inside the base while the needle extends this conduit on the outside. However, the number of PrgJ subunits forming the inner rod is unclear and so is its length. It is thought that PrgJ assembles into a helix analogous to the needle structure, and crosslinks of up to six consecutive PrgJ were reported (30) , suggesting at least one complete turn of PrgJ. Here, we report the detection of three PrgJ proteins per needle complex, independent of the method of needle complex isolation. Different to the other investigated needle complex components, PrgJ itself is a substrate of the T3SS and can only be secreted and assembled into the needle complex after completion of the principal secretion competent machine. It is possible that not all measured complexes were competent for secretion, and hence, we might underestimate the number of PrgJ in needle complexes. We chose two complementing approaches of needle complex isolation to minimize this problem. As mentioned before, IP of needle complexes with InvA as bait ensured that only complete base-export apparatus assemblies were isolated; however, nothing can be said about the state of assembly and the functionality of the associated cytoplasmic components. Since needles were sheared off during the course of this isolation protocol, the presence of needles cannot be taken as an indicator for functional secretion. The latter can, however, be used to estimate the number of fully functional needle complexes in preparations from CsCl-gradients. More than half of all needle complexes purified by CsCl-gradient fractionation contained needles (Fig. 6C) . If also half of the measured complexes contain inner rods, a stoichiometry of six PrgJ results for these needle complexes, which supports the view that PrgJ forms only one turn of the inner rod helix that anchors the needle to the base. This low stoichiometry of the inner rod has conceptual implications for the timer model of needle length control, which presumes that the duration of PrgJ assembly determines the duration of needle assembly and hence needle length (2, 30, 49) .
In summary, we have presented evidence that the export apparatus of bacterial T3SSs is composed of nine InvA, five SpaP, one SpaQ, one SpaR, and one SpaS, which suggests a total of 104 transmembrane domains within the membrane patch of the base of these systems. We furthermore show that InvA is only loosely associated with the other needle complex components and that not more than six PrgJ form the inner rod of the needle complex. This information will facilitate further structural and functional analyses of these and of the related flagellar systems and as such help to develop antiinfective strategies targeting these machines central to the virulence of many pathogens. In addition, the herein presented extension of MS-based stoichiometry determination to investigating highly hydrophobic complexes of very heterogeneous composition and wide stoichiometric range may foster the analysis of other membrane-spanning protein complexes, in particular of different virulence-associated bacterial secretion systems.
